the mitochondrial surface protein BCL-XL was sensitive to proteinase K digestion in intact mitochondria, both transfected EndoG and endogenous cytochrome c were resistant to digestion. By contrast, both of them were degraded upon addition of Triton X-100, suggesting that EndoG accumulates in the IMS (Fig. 1A ).
Introduction
The accumulation of misfolded proteins in the lumen of the endoplasmic reticulum activates several signaling cascades collectively known as the unfolded protein response (UPR) (Mori, 2009; Schroder, 2008) . The initial outcomes of the UPR are the transcription of endoplasmic reticulum chaperones, such as BiP , and a reduction in protein translation, to diminish the stress in the lumen of the endoplasmic reticulum (Mori, 2009; Schroder, 2008) . Likewise, accumulation of misfolded proteins in the matrix of the mitochondria, referred to as matrix stress, activates a mitochondrial UPR (mtUPR) (Biswas et al., 1999; Zhao et al., 2002) . The mtUPR involves upregulation of the transcription factor CHOP (DDIT-3) and endonuclease G (EndoG), a nuclease of the inter-membrane space (IMS) of mitochondria (Aldridge et al., 2007; Zhao et al., 2002) . In addition, the mitochondrial protease ClpP and the nuclear transcription factor DVE-1 have also been identified as mediators of a mtUPR in Caenorhabditis elegans (Haynes et al., 2007) . However, the precise sequence of events that occur in the mtUPR remains to be determined.
Evidence indicates that both the endoplasmic reticulum UPR and the matrix stress mtUPR are activated in parallel with protein quality control mechanisms, which act to eliminate damaged proteins (Brodsky and Wojcikiewicz, 2009; Tatsuta and Langer, 2009) . We previously reported a protein quality control mechanism that limits the accumulation of misfolded proteins in the IMS (Radke et al., 2008) . Our data revealed that the regulation of IMS proteins occurs at two levels: first, through a proteasome-dependent degradation of IMS proteins that occurs before their import into the IMS; and, second, through an OMI-dependent degradation of excessive IMS proteins that occurs following their import into the IMS (Radke et al., 2008) .
As the protein quality control mechanisms for mitochondrial proteins from the matrix and the IMS are different, we initiated this study to determine whether the accumulation of IMS proteins also activates a different UPR using the breast cancer cell line MCF-7.
We found that IMS stress activates a distinct UPR from that triggered by matrix stress. Notably, this UPR is mediated by estrogen receptor alpha (ER) that is phosphorylated on serine 167 in a reactive oxygen species (ROS)-and AKT-dependent manner. In turn, activated ER upregulates NRF1, a transcription factor required for the expression of several genes of the mitochondrial respiratory chain. In addition, both transcription of OMI (officially known as HTRA2) and the activities of the proteasome are elevated. These results suggest that this newly discovered IMS stress-mediated UPR activates a cytoprotective response aimed at upregulating components of the IMS protein quality control mechanism and genes required to protect the integrity of the mitochondria.
Results and Discussion
Whereas the accumulation of the misfolded proteins in the mitochondrial matrix has been explored, the consequences of excessive or misfolded proteins in the mitochondrial IMS have not been previously addressed. Therefore, we aimed to examine the effects of stress in the IMS by overexpressing IMS proteins. In a previous study, we reported that overexpression of a mutant form of EndoG (EndoG-N174A) leads to the formation of aggregates in the mitochondrial IMS and, subsequently, to mitochondrial stress (Radke et al., 2008) . Similarly, we found that overexpression of EndoG-N174A in the breast adenocarcinoma MCF-7 cells led to the formation of aggregates (data not shown). To determine whether mitochondrial stress is confined within the mitochondrial IMS, we first explored whether overexpression of EndoG led to its accumulation in the IMS or to its association with the mitochondrial outer-membrane owing to saturation of the protein import machinery. A proteinase K digestion assay revealed that althoughThe IMS localization of EndoG was further confirmed by immunoprecipitation of wild-type and mutant (N174A) EndoG with PHB2 (also known as REA), which resides in the IMS and acts as a chaperone for newly imported proteins in the IMS. We found that both the wild-type and N174A forms of EndoG associated with the chaperone PHB2 (Fig. 1B) , ruling out the Fig. 1 . Matrix and IMS stress trigger distinct UPR responses. (A)Equal amounts of mitochondria isolated from MCF-7 cells transfected with plasmids encoding mutant EndoG-N174A (Endo G) conjugated to GFP for 24 hours were assayed before and after proteinase K treatment in the presence or absence of Triton X-100. Levels of cytochrome c, EndoG-N174A and BCL-XL were detected by immunoblotting (IB) with the indicated antibodies. (B)Lysates of cells transfected with the plasmids encoding the indicated proteins (WT-Endo G, wild-type EndoG-GFP; N-174A, EndoG-N174A-GFP) were subjected to immunoprecipitation (IP) to pull down PHB2 by use of the anti-FLAG antibody. Levels of EndoG in complex with PHB2 or in crude extracts were detected with the anti-GFP antibody. (C,D)Crude extracts from MCF-7 cells transfected with the indicated plasmids (CHOP-Reporter, CHOP promoter driving GFP; Vector, GFP control vector) for 24 hours were subjected to immunoblotting to detect the levels of either GFP (27 kDa) driven by the CHOP promoter (C, top panel) or endogenous CHOP (D) by using anti-GFP or anti-CHOP antibodies, respectively. Levels of EndoG-GFP (57 kDa, Endo G) and tubulin (bottom panel) were detected by using anti-GFP and anti-tubulin antibodies, respectively. Levels of OTC and OTC in the mitochondrial fraction (middle panel) were monitored using an anti-OTC antibody. Thapsigargin (Tg; 1.5M) was used as a positive control. The numbers in C represent the fold induction of GFP protein levels normalized to tubulin in cells transfected with EndoG-N174A, OTC and OTC relative to control cells transfected with the CHOP reporter and the control GFP vector. The numbers in D represent the fold induction of CHOP expression levels normalized to tubulin in cells transfected with EndoG-N174A, OTC, OTC and Tg relative to control cells transfected with GFP vector (Vector). (E)Levels of endogenous EndoG mRNA were quantified by qRT-PCR in cells transfected with the indicated plasmids (Vector, control GFP; WT Cyto C, wild-type cytochrome c; WT Smac, wild-type Smac). Data are the means+s.d. of the fold increase relative to control cells overexpressing control GFP from three independent experiments performed in triplicate. (F)Crude extracts from cells overexpressing the indicated plasmids were analyzed by immunoblotting to determine the levels of BiP (BIP) and BIM using anti-BiP and anti-BIM antibodies, respectively. Thapsigargin (1.5M) was used as a positive control. (G)Cells maintained in phenol-free medium and transfected with the indicated plasmids were assayed after 24 hours for ER transcription activity by measuring the ERE-driven luciferase activity. Data are means+s.d. of the fold increase relative to the control cells overexpressing control GFP from five independent experiments performed in triplicate. (H)Levels of the indicated IMS proteins were determined in cells overexpressing the respective plasmids by immunoblotting using an anti-GFP antibody. (I)Transiently transfected cells overexpressing either mitochondrially targeted wild-type (WT SOD1) only or mutant SOD1 (Mut SOD) with control GFP were analyzed for ER activity by mean of the ERE-driven luciferase assay. Data are the mean+s.d. of the fold increase relative to the control cells overexpressing GFP from three independent experiments performed in triplicate. Levels of SOD1 and GFP were evaluated by immunoblotting using anti-GFP antibody. Tubulin served as the loading control. *P<0.05; **P<0.01; ***P<0.001 for the elevation in ERE luciferase activity compared with that observed in control vector-treated cells.
possibility that EndoG becomes mislocalized into the matrix upon its overexpression. As the interaction between the chaperone and newly imported protein is usually transient, we interpret the interaction between PHB2 and wild-type EndoG, or the N174A mutant, as an indication of the activation of protein quality control mechanisms.
Accumulation of a misfolded form of the matrix protein ornithine transcarbamylase (OTC; a deletion of amino acids 30-114) has been reported to promote a UPR leading to the production of the IMS protein EndoG and the transcription factor CHOP (Aldridge et al., 2007; Zhao et al., 2002) . Consequently, an elevation in the levels of both of these proteins can be used as a marker of matrix stress. We confirmed that expression of OTC in MCF-7 cells led to an elevation in CHOP levels when using either a CHOPdependent promoter driving the expression of the GFP reporter (Fig. 1C , top panel), or with endogenous CHOP expression (Fig.  1D ). Treatment with thapsigargin was used as a positive control, as thapsigargin is known to induce CHOP by causing stress in the endoplasmic reticulum owing to a defect in glycosylation (Schroder, 2008) . In parallel, an increase in EndoG mRNA levels was also evident (Fig. 1E ). In contrast with OTC, overexpression of EndoG-N174A did not result in either the transcription of EndoG (Fig. 1E) or CHOP (Fig. 1C,D) . Expression of other IMS proteins also failed to activate EndoG transcription ( Fig. 1E ), suggesting that IMS stress and matrix stress do not trigger the same response.
The chaperone BiP and the pro-apoptotic protein BIM are two markers of activation of the endoplasmic reticulum UPR (Schroder, 2008) . We therefore examined the effect of IMS and matrix stress on these markers of the endoplasmic reticulum UPR. Our data shows that neither of the markers was affected by EndoG-N174A, OTC or OTC (Fig. 1F ), suggesting that matrix and IMS stress does not mimic the effect of stress in the endoplasmic reticulum.
We next aimed to test whether IMS stress activates a distinct response from the one triggered by stress in the mitochondrial matrix or endoplasmatic reticulum. Estrogen receptors (ERs), which have recently been shown to localize in the mitochondria are implicated in the regulation of mitochondrial functions (Pedram et al., 2006) . Therefore, we assessed whether ER activation is affected upon IMS stress by transfecting MCF7 cells with a luciferase reporter driven by a promoter containing three ER response elements (EREs). We found that expression of all the IMS proteins tested led to activation of the ERE reporter, whereas wild-type OTC, mutant OTC and the control vector, which expresses GFP only and is not fused to any mitochondrial protein and therefore does not accumulate in the mitochondria, did not (Fig. 1G ). As GFP was more abundant than any other IMS proteins in these experiments, the activation of ER was not due to the excessive expression of IMS proteins in itself (Fig. 1H) . Although evidence has implicated mutations in the IMS-localized superoxide dismutase 1 (SOD1) enzyme as a causative factor in familial amyotrophic lateral sclerosis (Kawamata and Manfredi, 2010; Takeuchi et al., 2002) , its overexpression has also been reported in breast cancer (Punnonen et al., 1994) . Hence, we also tested the effect of SOD1 constructs, which localize exclusively to the IMS. Our results indicate that wild-type SOD1, and to a greater extent mutant SOD1 (G93A), where glycine 93 is replaced with an alanine residue, a mutation that has been implicated in the natural development of ALS, stimulated the activity of the ERE reporter (Fig. 1I , top panel). As observed with IMS proteins (Fig. 1H) , the increased activation of the ERE reporter was not due to excessive expression of SOD1 as the GFP control protein was expressed at much higher 1398 Journal of Cell Science 124 (9) levels than the SOD1 constructs (Fig. 1I, bottom panel) . In addition, we found that, upon IMS stress, small interfering RNAs (siRNAs) against ER, but not ER, abolished the activation of the ERE reporter ( Fig. 2A) , despite the fact that the siRNAs successfully reduced the expression of ER and ER, respectively (Fig. 2B) . Overall, we conclude that accumulation of a variety of different IMS proteins promotes the activity of the ER.
Among IMS proteins, the chaperones PHB1 (also known as PHB) and PHB2 (Nijtmans et al., 2000) have been shown to repress the activity of ER (He et al., 2008; Montano et al., 1999) . Given that IMS stress induces ER activation (Fig. 1G) and that the PHB2 chaperone binds to EndoG (Fig. 1B) , we hypothesized that accumulation of EndoG might titrate PHB1 and/or PHB2 away from ER, resulting in its release from mitochondria and subsequently in its activation. However, we did not find any changes in the localization of either ER or PHB2 (Fig. 2C) . Similar results were obtained for PHB1 (data not shown), implying that other mechanisms are involved. In line with this possibility, we observed an increase in the phosphorylation of the ER on serine 167 (Fig. 2D) , which is reported to induce a ligandindependent activation of ER (Lannigan, 2003) .
To explore the mechanism leading to the phosphorylation of ER following IMS stress, we assessed whether IMS stress resulted in ROS overproduction, and this possibility was confirmed (Fig.  2E ). In addition, treatment with the antioxidant N-acetylcysteine (NAC), which is reported to prevent glutathione depletion and therefore ROS overproduction (Aruoma et al., 1989; Han et al. 2010; Zafarullah et al., 2003) , was efficient at decreasing ROS levels upon IMS stress (Fig. 2E) . Furthermore, treatment with NAC abolished the phosphorylation of ER upon IMS stress (Fig.  2F ) and prevented the activation of the ERE reporter (Fig. 2G) . Given that ROS overproduction activates AKT, and that AKT phosphorylates ER (Campbell et al., 2001; Sun et al., 2001; Vilgelm et al., 2006) , we monitored the phosphorylation of AKT following IMS stress in presence or absence of NAC. We found that although IMS stress was a potent activator of AKT (Fig. 2H) , NAC addition abrogated this activation (Fig. 2H ). Accordingly, we tested whether AKT inhibition, by using the AKT inhibitor LY, affects the activation of the ERE reporter. Our data shows that inhibition of AKT completely abolished the ability of IMS stress to induce the activity of the ERE reporter (Fig. 2I) . We also found that deletion of the mitochondrial localization signal (MLS) of EndoG-N174A abolished the ability of EndoG to promote ER and AKT phosphorylation, indicating that localization to the IMS is essential to trigger this response (Fig. 2J) . We conclude that IMS stress promotes ROS overproduction and AKT activation to induce further the ligand-independent activation of ER.
Although IMS stress is associated with ROS overproduction, our data indicated that neither cell viability (Fig. 3A) nor cleavage of PARP1 and caspase-3 (data not shown) are affected by these events. To assess the mitochondrial integrity, we performed fluorescence-activated cell sorting (FACS) analysis in cells stained with the tetramethylrhodamine ethyl ester (TMRE) dye, which only accumulates in actively respiring mitochondria with an intact membrane potential. This analysis revealed no changes in mitochondrial potential in cells undergoing IMS stress when compared with that in unstressed cells, indicating that IMS stress does not lead to the loss of mitochondrial potential (Fig. 3B) .
Collectively, our data suggest that this newly discovered IMS stress-induced ER phosphorylation might stimulate a cytoprotective response to maintain the mitochondrial integrity. To Fig. 2 . ROS-mediated AKT activation is required to induce ER activity. (A)Cells transfected with either scrambled siRNA (Ctr), or siRNA against ER or ER (10 nM), were incubated in phenol-free medium for 24 hours followed by co-transfection with plasmids encoding mutant EndoG-N174A-GFP (N-174A), the ERE reporter and PRL, which encodes a constitutive luciferase reporter emitting a different wavelength and is used as a loading control. A luciferase assay was performed 24 hours later. Data are the means+s.d. of the fold increase relative to control cells overexpressing control GFP from three independent experiments performed in triplicate. ***P<0.001. (B)Lysates of cells transfected with scrambled siRNA, or siRNA against ER or ER, were collected 5 days after transfection and analyzed by western blotting to evaluate the efficiency of ER-or ER-knockdown using an anti-ER or anti-ER antibody. (C)Subcellular fractionation of cells overexpressing either GFP (Vector) or N-174A were prepared as described in the Materials and Methods section and analyzed by western blotting using the anti-ER antibody. Lamin A/C, Hsp90 and VDAC represent nuclear, cytoplasmic and mitochondrial protein loading controls, respectively. (D)Crude extracts of the cells transfected with the indicated plasmids (WT-Endo G, wild-type EndoG-GFP) were analyzed by western blotting using an antibody that detects phosphorylated serine 167 in ER. (E)ROS levels were detected in live cells using the RedoxSensor Red CC-1 fluorescent dye at 24 and 48 hours posttransfection with either GFP (Vector) or N-174A in the presence or absence of NAC (5 mM). Data are the means±s.d. of the fold increase in ROS (units) relative to the GFP control cells at each timepoint. ***P<0.001 for the ROS generation in cells overexpressing mutant EndoG-N174A at 48 hours compared with at 24 hours. (F)Phosphorylated ER (serine 167) and total ER levels were analyzed by western blotting in cells overexpressing either GFP (Vector) or N-174A in the presence or absence of NAC (5 mM). (G)Cells treated as described in E were tested for ER transcription activity as described in A. Data are the means+s.d. of the fold increase relative to control cells overexpressing GFP (Vector) from three independent experiments performed in triplicate. ***P<0.001 for the elevation in ERE luciferase activity compared with that in cells expressing the GFP control vector. (H)Western blotting analysis of total and phosphorylated AKT was performed in cells overexpressing control GFP (Vector), wild-type EndoG -GFP or mutant EndoG-N174A-GFP treated for 24 hours with or without NAC (5 mM). The numbers in D represent the fold induction of the phosphorylated levels of ER normalized to total levels of ER in cells transfected with either WT-EndoG or EndoG-N174A relative to control cells transfected with the vector (GFP). The numbers in F represent the fold induction of the phosphorylated levels of ER normalized to total levels of ER in cells transfected with EndoG-N174A in the presence or absence of NAC relative to control cells transfected with the vector (GFP). The numbers in H represent the fold induction of the phosphorylated levels of ER normalized to total levels of ER in cells transfected with either EndoG-N174A-MLS or EndoG-N174A relative to control cells transfected with the vector (GFP). (I)ER transcription activity was measured by ERE-driven luciferase assay in cells overexpressing the indicated plasmids in the presence or absence of LY (10M). Data are the mean+s.d. of the fold increase relative to the control cells overexpressing GFP from three independent experiments performed in triplicate. ***P<0.001 for the elevation in ERE luciferase activity compared with that in cells expressing the GFP control vector. (J)Lysates from cells overexpressing either GFP (Vector), EndoG-N174A or EndoG-N174A that lacks the mitochondrial localization signal (N174A-MLS) were analyzed by western blotting to detect levels of phosphorylated ER, total ER, phosphorylated AKT and total AKT using antibodies against phosphorylated ER(serine 167), ER, phosphorylated AKT (serine 473) and AKT, respectively. gain insight in this cytoprotective response, we postulated that IMS stress affects OMI, a protein that is an integral component of a protein quality control mechanism that limits IMS stress (Radke et al., 2008) . We found that there was a significant increase in OMI levels in cells exposed to IMS stress and that this was dependent on the expression of ER (Fig. 3C) . Given that estrogen-mediated ER activation induces NRF1, a major transcriptional regulator of mitochondrial respiratory chain proteins (Mattingly et al., 2008) , we also evaluated the effect of IMS-stress on NRF1 levels. In a manner similar to that with OMI, IMS stress triggered an elevation of NRF1 transcription, which was dependent on ER (Fig. 3D) . Both of the effects were confirmed at the protein level (Fig. 3E) . In addition, we found no alteration in the transcript levels of PHB1, PHB2 or unrelated mRNA, such as that of actin, which served as a control (Fig. 3F) , suggesting that the IMS stress triggers the transcription of selected genes.
As we reported previously that the activity of the proteasome is also required to limit IMS stress (Radke et al., 2008) , we next assessed whether IMS stress induces the activity of the proteasome by using the proteasome substrates succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC), N-acetyl-Gly-ProLeu-Ala-AMC (Ac-GPLA-AMC) and Ac-Ala-Leu-Ala-AMC (Ac-ALA-AMC), which monitor the chymotrypsin-, caspase-and 1400 Journal of Cell Science 124 (9) trypsin-like activity of the proteasome, respectively. We found a significant increase in the trypsin-like and, to a lesser extent, the chymotrypsin-like and caspase-like activity of the proteasome upon expression of wild-type or mutant (N174A) EndoG (Fig. 4A) . Furthermore, the activation of the trypsin-like activity of the proteasome upon IMS stress was abolished by siRNA against ER (Fig. 4B) . In addition, as we have previously shown that the activity of proteasome limits the import of excessive or defective IMS proteins to protect the mitochondria from IMS stress (Radke et al., 2008) , we tested whether inhibition of the proteasome affects the viability of cells undergoing IMS stress. These experiments revealed an increased sensitivity of EndoG-N174A overexpressing cells to proteasome inhibition when compared with that of the respective controls (Fig. 4C) . Finally, to determine whether ER is required to maintain the mitochondrial integrity and viability of cells undergoing IMS stress (Fig. 3A,B) , TMRE staining and FACS analysis was performed in cells depleted for ER. In the absence of IMS stress, the lack of ER had no effect on the mitochondrial potential (Fig. 4D) . Likewise, cells transfected with scrambled siRNA failed to show any change in mitochondrial potential, regardless of exposure to IMS stress (data not shown). By contrast, we found that, upon exposure to IMS stress, the absence of ER led to a twofold increase in the percentage of cells with a loss in (C)Cells transfected with control scramble siRNA (Ctr) or siRNA against ER, followed by transfection with either control GFP (Vector) or N-174A were used to determine the levels of endogenous OMI by qRT-PCR. ***P<0.001 for the elevation in OMI mRNA compared with that in cells expressing the GFP control vector. (D)Levels of endogenous NRF1 were assessed by qRT-PCR in cells treated as described in C. Data in C and D are the means+s.d. of the fold increase relative to control cells overexpressing GFP from three independent experiments. **P<0.01 for the elevation in NRF1 mRNA compared with that in cells expressing the GFP control vector. (E)Crude extracts from cells treated as described in C were analyzed by western blotting for levels of NRF1, OMI and ER. The numbers indicate the quantification of the NRF1:tubulin ratio and OMI:tubulin ratio relative to the baseline level set at 1 in control cells overexpressing GFP. The western blot shown is representative of more than three independent experiments. (F)Actin, PHB1 and PHB2 mRNA levels were measured by qRT-PCR. Data represent the means+s.d. of the fold increase relative to control cells overexpressing GFP from two independent experiments. mitochondrial potential (Fig. 4D) , which was similar to that in the positive control cells treated with carbonyl cyanide ptrifluoromethoxyphenylhydrazone (FCCP), an uncoupler of mitochondrial oxidative phosphorylation (Han et al., 2009 ). This result indicates that upon IMS stress, ER activation is crucial to prevent a collapse in mitochondrial potential.
Taken together, our results indicate that upon IMS stress, both OMI and the proteasome, two components of the IMS protein quality control mechanism, are elevated in an ER-dependent manner to establish a feedback mechanism (Fig. 4E) . Therefore, we propose that following IMS stress, cells activate, in a ligandindependent manner, ER to overcome mitochondrial dysfunction and maintain cellular integrity. Moreover, this ligand-independent activation of ER upon IMS stress is due to ROS overproduction and is dependent on both ROS and activation of AKT (Fig. 4E) .
Mitochondrial dysfunction is central in carcinogenesis (Plak et al., 2009; Ma, 2006; Pelicano et al., 2009) , and although low levels of ROS allow a selective advantage for cancer cells to accumulate mutations, excessive production of ROS leads to cell death. Therefore, the IMS stress-induced UPR might act as a 'rheostat' to limit ROS production and allow cell survival. By contrast, in neurodegererative diseases, such as amyotrophic lateral sclerosis, defects in the proteasome pathway and elevated ROS, due to the accumulation of mutant SOD1 in the IMS, have been reported. Therefore, the defect in the IMS-UPR pathway reported here might also play an important role in the ontology of such diseases. Further studies will be needed to address these possibilities.
Materials and Methods

Plasmids
Mitochondrially targeted wild-type SOD1-GFP and mutant SOD1-GFP expression plasmids were gifts from Gen Sobue (Nagoya University, Nagoya, Japan). Wild-type SOD1 and mutant SOD1-GFP vector lead to expression of the IMS mitochondrial SOD1 and SOD1 with the G93A mutation, respectively. The mammalian expression vectors pCAGGS-OTC and pCAGGS-OTC were kindly provided from Nick Hoogenraad (La Trobe University, Melbourne, Australia). Expression of both vectors in the mitochondrial matrix lead to accumulation of OTC and mutant OTC that can not be folded properly owing to a deletion of amino acids 30-114. Wild-type EndoG, cytochrome c, Smac, mutant EndoG-N174A, cloned into the pEGFP-N1 vectors, were kindly provided from Gregor Meiss (Justus-Liebig-University Giessen, Giessen, Germany) and lead to overexpression of each respective protein in the IMS of mitochondria. pEGFP-N1, which expresses GFP alone, was used as a control.
Western blotting
Western blotting was performed as described previously (Radke et al., 2008) using antibodies against the following proteins: ER (rabbit; G-20, Santa Cruz Biotechnology), GFP (rabbit; Santa Cruz Biotechnology), BiP (mouse; BD Bioscience), phosphorylated AKT (mouse), AKT (rabbit), BIM (rabbit) (all Cell Signaling), phosphorylated ER (rabbit; Upstate), OMI (rabbit; BioVision), NRF1 (rabbit; Abcam), ER (rabbit; Santa Cruz Biotechnology) and OTC (rabbit; Santa Cruz Biotechnology).
Subcellular fractionation
Briefly, subcellular fractionation was performed by resuspending cells in homogenization buffer [300 mM sucrose, 20 mM HEPES-KOH pH 7.5, 1 mM EDTA, 10 mM KCl, 1 mM dithiothreitol (DTT), 1.5 mM MgCl 2 and protease inhibitors] and homogenizing them in the Dounce homogenizer. After centrifugation at 800 g for 10 minutes, the crude nuclear fraction (pellet) was separated from mitochondrial and cytoplasmic fraction (supernatant). The pellet was resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 0.5% NP40, 250 mM NaCl, 5 mM NaF, 0.2 mM Na 3 VO 4 , 1 g/ml leupeptin, 1 g/ml pepstatin, 1 g/ml phenylmethysulfonyl fluoride and 1 mM DTT) to obtain an enriched nuclear fraction. The supernatant from the first fractionation was centrifuged at 10,000 g for 20 minutes to separate mitochondria (pellet) from the cytosol (supernatant). The enriched mitochondrial fraction was further lysed in buffer (Tris-acetate pH 8, 10% NP-40, 5 mM CaCl 2 , 1 mM DTT and protease inhibitors).
Luciferase assay
The dual luciferase reporter assay (Promega) was performed as described previously (Ishii et al., 2006) , using the firefly luciferase reporter plasmid pGL3-(ERE) 3 and the Renilla luciferase reporter PRL.
Oxidative stress assay
Intracellular ROS levels were detected using the RedoxSensor Red CC-1 fluorescent dye (Molecular Probes) according to the manufacturer's protocol.
Proteasome activity
Lysates (10 g) of MCF-7 cells were incubated for 2.5 hours at 37°C in assay buffer (50 mM Tris-HCl pH 7.5) with 10 M proteasome substrates (Calbiochem). Release of free hydrolyzed 7-amino-4-methylcoumarin (AMC) groups was measured using an ISS Counter with an excitation filter of 380 nm and an emission filter of 460 nm.
siRNA transfection
siRNA transfection was performed with Lipofectamine 2000 (Invitrogen) using control siRNA (scramble; Ambion) or siRNA against ER (siRNA no. 1, 5Ј-UCAUCGCAUUCCUUGCAAATT-3Ј; siRNA no. 2: 5Ј-AAACAGGAG -GAAGAGCTGCCATT-3Ј) or ER (5Ј-UUUAACUCUCGAAACCUUG-3Ј) (GeneLink).
RNA isolation and qRT-PCR
Isolation of RNA was performed with the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol using human EndoG forward (5Ј-CACGTAAAG-TACCAGGTCATC-3Ј), human NRF1 forward (5Ј-GGAGT GATGTCCGC -ACAGAA-3Ј), human OMI forward (5Ј-GAC C GGCACCCTTTCTTG-3Ј) (GeneLink). A 100 ng sample of RNA was used for a real-time PCR assay, using the SYBR Green Universal PCR Master Mix (Applied Biosystems). The reaction was performed with the 7500 Real-Time PCR system (Applied Biosystems) under the conditions recommended by the manufacturer. Expression levels were normalized to that of actin.
Proteinase K sensitivity assay
For the proteinase K sensitivity assay, equal amounts of crude mitochondria were resuspended in digestion buffer (20 mM MOPS-KOH pH 7.2, and 250 mM sucrose) and treated for 20 minutes with proteinase K (0.3 mg/ml) in the presence or absence of Triton X-100 (1%). Proteolysis was stopped by the addition of 100 M PMSF followed by addition of 5ϫ loading buffer and western blotting.
Mitochondrial potential
Mitochondrial membrane potential was assessed by staining cells with 50 nM tetramethylrhodamine ethyl ester (TMRE) dye for 20 minutes at 37°C, followed by washes in 1ϫ PBS. Cells were then subjected to FACS analysis.
Statistical analysis
Statistical significance was assessed by a one-way ANOVA followed by pair-wise contrast (Bonferroni) analysis. Significance was considered to be P<0.05 or less.
